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Abstract: Kerr index and dispersion parameter of a small core chalcogenide photonic crystal fiber 
are estimated via four-wave mixing near 2μm. From these values, new fiber design is proposed to 
efficiently generate idlers in mid-infrared.  
OCIS codes: (190.4370) Nonlinear optics, fibers; (190.4380) Nonlinear optics, four-wave mixing. 
 
1. Introduction  
The short-wave (SWIR) (1700-2500 nm) and the mid-infrared (MIR) are becoming key wavelength regions for a 
large number of applications, such as gas sensing [1], free space communication [2] , medical diagnostic and surgery 
[3]. Moreover, laser sources around 2 micron can be employed for pumping nonlinear media to convert telecom 
signals in the MIR through four-wave mixing (FWM). Because of the excessive losses of silica beyond two micron, 
alternative materials exhibiting strong optical nonlinearity and large transparency windows in the MIR are under 
investigation. Beside silicon integrated platforms [4], promising all-fiber solutions are represented by 
microstructured chalcogenide glass (ChG) optical fibers. Chalcogenide glasses show wide transparency windows in 
the MIR, and a very high third order nonlinearity, about 1000 times that of silica. In addition ChG photonic crystal 
fibers (PCF) allow dispersion engineering and long interaction length with very low propagation losses. Inside ChG 
fibers, FWM have been demonstrated in the telecom band [5], together with Raman scattering at 2 µm [6] and 
supercontinuum generation in the MIR [7]. Recently we observed FWM in the 2 micron band in an AsSe PCF [8]. 
However, due to material constraints, the PCF had a large core diameter of 14 micron, so that material dispersion 
strongly dominated leading to a zero dispersion wavelength (ZDW) near 5.1 micron. 
      Here we show FWM experiment in a GeAsSe PCF in the 2 um region. Doping the ChG glass with germanium 
enabled the fabrication of a smaller core fiber (4 micron diameter) and stronger waveguide dispersion. FWM is 
demonstrated with continuous wave (CW) pump, which is highly desirable for spectroscopic and optical 
communication applications. From the derived dispersion and Kerr index we propose a new realistic design for a 
tapered GeAsSe PCF showing a potential increase of the conversion efficiency (CE) and an extension of the 
conversion bandwidth further into SWIR and MIR regions. 
2. Experimental setup and results  
Fig.1 shows the experimental set-up. The fiber under test (FUT) is a 27.5 cm long Ge10As22Se68 PCF with core size 
of 4 m and diameter-to-pitch ratio r = 0.49 fabricated by PERFOS. Pump and the signal lasers are two custom-
made continuous wave (CW) thulium (Tm)-doped fiber laser [9]. The pump wavelength is fixed at 1980.6 nm and 
has a linewidth of 0.2 nm. The signal laser is tunable over 1950 nm - 2050 nm range and has a linewidth of about 0.4 
nm. Light is coupled in and collected from the FUT by two lensed fibers with a spot size diameter of 4 µm at 2 µm 
wavelength. Input and output losses are about 4dB and we estimated propagation losses to be about 2 dB/m. Finally, 
the FUT’s output is sent to an optical spectrum analyzer for data recording and analysis. 
 
Fig. 1 Experimental FWM set-up. OSA: optical spectrum analyzer; PC: polarization controller. Fiber’s SEM image provided by PERFOS.  
      In Fig.2a, we show the experimental CE, defined as output idler power over input signal power, as a function of 
idler wavelength. The coupled pump power is 65 mW and the signal was swept from 1983 nm to 2015 nm. A good 
CE of -30 dB is obtained over 20 nm of total bandwidth. The dispersion estimated from the conversion bandwidth is 
D = -183 ps/(nm km), and compares well with the value D = -196 ps/(nm km) retrieved from COMSOL simulations, 
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where we used the actual fiber geometry and Sellmeier equation for Ge11.5As24Se64.5 [10]. Fig.2b shows CE values at 
different pump power levels for a 6 nm pump-signal detuning. The CE increases quadratically with the pump power 
showing a maximum CE = -25dB with no sign of saturation. A nonlinear coefficient γ of 1.688 ± 0.11 W-1m-1 is 
retrieved from the fitting of the experimental data in Fig.2b. Using the effective area (Aeff) computed from 
simulations, we estimated a Kerr index n2 ≈ 2.65∙10
-14
 cm
2
/W, in agreement with values reported in the literature 
[11]. The estimated ZDW is at 3.1 m (fig.3a), still too red shifted with respect to our pumping wavelength. 
 
Fig. 2 (a) Experimental points superimposed to theoretical fits of the CE as a function of the idler wavelength; (b) CE as a function of the 
coupled pump power. Error bars are calculated considering 0.5 dB uncertainty on the input lasers power. 
 
3. Design of tapered GeAsSe PCF   
Having validated our simulations with the experimentally retrieved dispersion, we studied a new PCF geometry in 
order to further blue-shift the ZDW in the 2 µm region, enhancing both CE and conversion bandwidth. For this 
purpose, we increased the r value to 0.66 and decreased the core diameter to 1.5 μm by assuming a tapered geometry 
[11]. Both of these values represent the current state of the art in the fabrication process. With this geometry, the 
ZDW was estimated to be around 1.967 µm (fig.3a). In our case, it should be noted that the main purpose of tapering 
lies in dispersion engineering and not in nonlinearity enhancement. 
 
Fig. 3(a) Simulated dispersion for FUT (green), tapered (red), and un-tapered (blue) fiber.(b) Simulated CE in the taper with pump at 1.953 µm. 
The theoretical CE was then simulated for a 1 m length tapered region, considering a pump power of 50 mW at 
1.953 µm, in the maximum emission region of Tm doped fiber lasers. A maximum CE of -6 dB is found and the 
3dB bandwidth around the pump is about 60 nm. Linear losses should increase by less than 1 dB/m in the tapered 
region [11], thus a slightly lower CE is experimentally expected. An additional interesting feature is also observed 
since wavelength conversion of telecom signal at 1.55 µm to the mid-IR range at 2.643 µm is expected (fig.3b).   
In conclusion, we demonstrated FWM at 2 μm at low pumping power in CW regime in 27.5 cm long ChG PCF. 
Excellent match with theory confirms the good uniformity of the fiber. We numerically showed that by state-of-the-
art fabrication techniques, larger CE, bandwidth and distant conversion can be achievable with the same material. 
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